In this study, a novel design concept for PEMFC (polymer electrolyte membrane fuel cell) stacks is presented with single cells inserted in pockets surrounded by a hydraulic medium. The hydraulic pressure introduces necessary compression forces to the membrane electrode assembly of each cell within a stack. Moreover, homogeneous cell cooling is achieved by this medium. First, prototypes presented in this work indicate that, upscaling of cells for the novel stack design is possible without significant performance losses. Due to its modularity and scalability, this stack design meets the requirements for large PEMFC units.
Introduction


In the year 2050, Germany intends to generate over 80% of its electrical energy by renewable sources [1] . To succeed in transforming, the German energy sector towards this high share of renewable energy sources huge effort has to be made in improving the electrical grid infrastructure as well as in extending energy storage. To fulfil carbon dioxide emission targets, it is common sense to result in carbon free strategies.
Producing hydrogen (H 2 ) and oxygen (O 2 ) in water electrolyzers is a potential solution for using excess energy in periods of low demand [2] . Storing large amounts of H 2 in caverns under ground and transportation of it in pipelines is shown at few locations worldwide [3] . In order to generate electrical energy in times of high demand, fuel cell systems can be powered by H 2 and O 2 or air. Due to high power density and dynamic part load operation, PEM (polymer electrolyte membrane) based fuel cell or electrolyzer systems are appropriate for this purpose [4, 5] .
The NOW (national organization for hydrogen in Germany) calculated the demand for hydrogen energy systems as positive and negative supply for varying power demand for the German energy economy in 2025 to be in the range of a up to 5 GW [6] . German demonstration projects combining renewable energy sources with hydrogen systems, like "H 2 Herten" or "Falkenhagen", started operation within the year 2014 [7, 8] .
The main component in PEMFCs (polymer electrolyte membrane fuel cells) is the MEA (membrane electrode assembly). MEAs for PEMFCs consist of an ions conducting but electrical insulating membrane, which is coated from both sides with catalytic material (CCM (catalyst coated membrane)) and, furthermore, an electrical conducting GDL (gas diffusion layer) on the anode as well as on the cathode side. Such a MEA is placed between two pole plates with gas channels (flow field). Together these components form a single fuel cell (Fig. 1) Typical fuel cell stacks consist of several single fuel cells connected electrically in series which increases stack voltage at constant current. To reduce electrical resistance, pole plates are constructed in bipolar design, so that a flow field is arranged on each side of the plates. Mono-polar plates are placed on the stacks extremities with a flow field only on one side. Furthermore, special pole plates which have channels for cooling water can be placed within the stack to protect it from overheating. Over two strong endplates which are pulled together by tie bolts, necessary compression forces are induced to improve contact resistance between the electrode components as well as catalyst contact to the membrane [12] .
To reduce reactance within PEMFC stacks without setting down porosity of the electrode's layers, an optimal compression over the whole cell surface is needed. Moreover, well distributed current density is a central requirement for PEMFC systems to avoid hot spots which may accelerate fuel cell degradation and malfunction [13] [14] [15] [16] [17] [18] [19] [20] [21] .
In this work, a novel PEMFC stack design is presented which offers homogeneous operation condition for each cell of a stack by hydraulic compression. Inherent stack cooling by a hydraulic medium is a further advantage of the described stack design. Two laboratory scale prototypes indicate modularity and scalability which are required in order to develop large scale PEMFC systems.
A Modular PEMFC Stack Design with Hydraulic Compression
A new stack design for electrochemical cells based on hydraulic compression of single cells has been suggested [22] [23] [24] . With this stack design, PEMFC systems can be constructed which contain a variable defined number of single cells electrically connected in series over flexible copper ribbon cables. These cells are arranged in flexible pockets within a pressure tank filled up with fluid. At operation cells are fixed within the tank by pressurizing this fluid. However, e.g., for maintenance reasons, pressure can be released so that changing cells is possible.
During operation a hydraulic medium surrounds, each cell of the presented stack design in a way that surface pressure on each cell is identical. The hydraulic pressure within the stack is controlled by a pneumatic actuator. The system's pressure control keeps a constant pressure level. This is necessary at e.g., start-up procedure, when stack temperature rises to about 70 °C to 80 °C (operating temperature). Furthermore, temperature of the whole stack can be controlled by cooling the hydraulic medium. This guaranties homogeneous temperature distribution for each cell as well as protection against overheating. Waste heat recuperation for a CHP (combined heat and power) system can easily be realized. Hence, operation conditions with this type of stack are nearly ideal, if the parameters of the delivered process gases are constant. In order to deliver gases with identical physical characteristics to each fuel cell, these are connected in parallel to temperature controlled manifolds (for O 2 /air as well as for H 2 ). Cells have clips which connect them to the gas manifolds (Fig. 2) .
However, distribution of necessary gases in series is also possible with another kind of manifold which joins a cell's outlet with the next cell's intake. Due to unfavorable pressure drop after each cell, delivering the gases in series is limited to only few cells.
Two fuel cell stack prototypes with hydraulic compression have been realized so far. Water is used Maximum power output of fuel cell prototype B is 290 W (0.38 W·cm -2 ) at an output voltage of 1.92 V. Although active cell area is different by a factor of nine specific maximum power output is in the same range. As linear upscaling of a pole plate design has not been possible for prototype B, slightly design differences have been necessary (e.g., channel length, channel diameter or channel number). Therefore, differences in power output of prototypes A and B occur mainly due to different flow field designs. Furthermore, increase of resistance losses is likely due to higher current of prototype B (150 A @ MPP). However, increasing diameter of the connecting copper cables can be an appropriate solution.
Obtained power density for the presented prototypes is similar to specific power output reported for commercially available MEA based PEMFC test cells with mechanical cell compression [26] [27] [28] . Further improvement for PEMFC stacks with hydraulic compression is expected by the optimization of pole plates, especially, the flow field. However, the novel stack design offers specific advantages. Very large cells with any planar shape can be realized. Waste heat recuperation can easily be maintained (for higher operation temperature). Furthermore, each cell can be exchanged due to the modular stack construction with separate slots. The influence of hydraulic compression on PEMFC operation characteristic in long term tests is matter of a prospective study.
Conclusions
Results indicate that, upscaling the presented small cell geometry for PEMFC prototype A to a factor of nine decreases specific power output of just 12%. Furthermore, current density distribution is homogeneous (about ±7% over the active cell area) due to hydraulic compression. It is expected that, current density for the larger prototype is also well distributed.
It can be concluded that, upscaling effects known for state of the art PEMFC stacks are of minor importance due to even cell compression and cooling by the surrounding hydraulic medium. Very large planar cell geometries can be realized. Special cooling plates which are necessary in large state of the art PEMFC stacks are not needed for the novel stack design.
Increasing number of cells from three to four does not affect specific power output significantly. This effect occurs due to nearly identical operation condition for each cell of a stack. Therefore, it can be concluded that, designing large scale stacks with any number of cells is possible. This may attract PEMFC based stationary applications in the near future.
Few design changes are needed to convert the presented stacks into energy systems with waste heat recuperation, e.g., a CHP system for household heating can operate by heat exchanging a PEMFC stack's inherent cooling water which is also used for cell compression.
The possibility to exchange single cells of the stack may be useful for maintenance. Cells which are degraded after some thousand operating hours can be replaced without affecting the housing. For prospective stationary applications with a lifetime of several years, the possibility to maintain the stack could be an advantage for the presented novel stack design with hydraulic compression.
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